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ABSTRACT Aerosol insecticides are commonly used formanagement of stored-product pests inside
food facilities, but the physical complexity of the interior of most food facilities may inßuence the
dispersal anddepositionofdroplets andcreate spatial variation indosage.The spatial pattern in aerosol
deposition was evaluated inside a ßour mill using a high density grid of bioassay insects. Three
insecticides, Aerotech with NyGuard and Pyrocide 100  Diacon II, both pyrethrin and insect growth
regulator combinations, and Vap20, an organophosphate, were evaluated at normal (27C) and high
(40C) target temperatures. Using a newly developed efÞcacy index, there was spatial pattern to
aerosol deposition detected for the pyrethrin insecticides and the pattern differed between aerosols
and temperatures. Walls and corners, especially behind the direction of application, were especially
vulnerable to zones of lower efÞcacy, and open areas in center of the room tended to have the highest
efÞcacy. The organophosphate insecticide provided complete efÞcacy at all bioassay dish locations,
probably due in part to its vapor toxicity. Using boxes 1 m in depth and 5, 10, or 20 cm in height and
open ononly one end, itwas shown that aerosol dispersal under horizontal surfaces could be impacted
bygapheight, aerosol, and temperature.These results showthepotential for spatial variation inaerosol
efÞcacy within a food facility and identify locations with the potential to receive a lower insecticide
dosage. To increase overall efÞcacy, these locations may be targeted for additional interventions to
provide more uniform pest population suppression.
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Aerosol insecticides can be used as part of an inte-
grated pest management program for food facilities
such as mills, food-processing plants, warehouses, and
distribution centers. An aerosol treatment, also called
space, ultra-low volume, or fogging treatment, in-
volves the release of insecticide into the air in the form
of small droplets (5Ð50 m in diameter). There is a
long history of aerosol use in food facilities, but ap-
plications have been increasing in recent years due in
part to the decreasing amount of structural fumigation
(Peckman and Arthur 2005, Arthur 2012, Boina and
Subramanyam 2012). Typically, aerosols have limited
penetration ability and limited residual activity on
surfaces and therefore are primarily targeting ßying,
roosting, or walking insects in open areas at the time
of the application. However, inside food facilities,
some aerosol insecticides can settle on surfaces and
offer residual control (Sutton et al. 2011).
Aerosol applications can provide more complete
coverage of surfaces within a structurally complex
food facility than is feasible with conventional spray
applications. This improved coverage increases the
chance of a stored-product insect encountering the
insecticide either during application or afterwards
through contact with a treated surface. However, be-
cause at a given point in time most of the pest popu-
lation is located in hidden areas (e.g., inside equip-
ment, accumulated food in cracks and crevices, under
pallets, insidepackaged food), only a small percentage
of individuals are likely to be directly exposed during
an aerosol application (Toews et al. 2010, Arthur et al.
2013). The structural complexity of many food facility
interiors may also inßuence the dispersal and deposi-
tion of aerosol droplets, creating spatial variation in
dosage.
Commonly used aerosols in the food industry are
the organophosphate dichlorvos (DDVP), synergized
pyrethrins, pyrethroids, and insect growth regulators
(IGRs; Boina and Subramanyam 2012). Often IGRs
such as methoprene, hydroprene, or pyriproxyfen are
applied in combination with pyrethrins or pyre-
throids. Aerosol insecticides are typically applied us-
ing a handheld or portable aerosol applicator with an
atomizing nozzle, a pressurized cylinder using a car-
rier gas such as CO2, or a permanently installed pres-
surized overhead system. Each application method
can produce a different range of droplet sizes and a
different pattern of aerosol dispersal and deposition.
There have been a number of recent studies on efÞ-
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cacy of these applications, which are discussed below,
but there are comparatively less data regarding the
spread and dispersal of aerosols within food facilities.
Insecticides applied as aerosols have been demon-
strated to be effective against stored-product insects
using a variety of methods. The majority of the re-
search on efÞcacy has been under laboratory condi-
tions simulating aerosol applications made directly to
the insects (Harein et al. 1971; Arthur 1988, 1993;
Arthur and Gillenwater 1990; Tucker et al. 2014) or
aerosol applicationsconducted in small rooms(Jenson
et al. 2010a, Toews et al. 2010, Kharel et al. 2013). Data
on the efÞcacy of aerosol insecticides applied at the
scale andunder the conditions typically found in com-
mercial applications are much more limited. One ap-
proach used to measure efÞcacy of commercial scale
applications, where it is typically not possible to in-
troduce live insects for bioassays, has been to expose
bioassay dishes to the aerosol, and afterwards add
insects to the treated surfaces (Arthur 2010, Sutton et
al. 2011). Given that some aerosol insecticides have
limited residual activity (e.g., dichlorvos, pyrethrins),
there are constraints where this can be applied. An-
other approach that can typically only be used in
nonoperational or research facilities is to place dishes
with insects out during an aerosol application and
evaluate the mortality afterward (Arthur 2008, Arthur
andCampbell 2008, Jenson et al. 2010b, Subramanyam
et al. 2014).
Temperatures at time of aerosol application can
vary widely depending on the location and the time of
year the application ismade.Temperature canhave an
impact on insecticide efÞcacy. Pyrethrins and most
pyrethroids have a negative temperature coefÞcient,
while for most organophosphates toxicity increases
with temperature (Schleier and Peterson 2011). Vol-
atilization of the organophosphate insecticide dichlo-
rvos increases with temperature, which can increase
immediate efÞcacy of impregnated strips (Lehnert et
al. 2011), but reduce residual activity on surfaces
(Strong and Sbur 1964). However, little is known
about how temperature within a food facility might
impact insecticidedroplet dispersal and theefÞcacyof
aerosol insecticide applications.
Obtaining uniform coverage with an aerosol insec-
ticide is critical to optimizing the effectiveness of the
treatment within a food facility, but horizontal struc-
tural features (e.g., equipment, pallets, beams) within
a structure may block the settling of aerosol droplets.
Accumulations of food residue and hidden areas in
equipment, wall voids, and cracks and crevices can
create areas that are inaccessible to aerosol droplet
penetration. Vertical structural features may interfere
with the dispersal of the aerosol droplets after release.
Studies done in relatively open rooms show generally
good dispersion of aerosols (Arthur 2008, Arthur and
Campbell 2008, Subramanyamet al. 2014), but efÞcacy
was evaluated in only a limited number of locations.
The following experiment was conducted to eval-
uate spatial pattern in aerosol insecticide deposition
within a food facility. A research ßour mill was used so
that bioassay insects could be introduced and a large
array of bioassay dishes was placed within the mill so
that a more accurate picture of the spatial pattern in
efÞcacy could be assessed. The speciÞc objectives
were to: 1) determine the spatial pattern of efÞcacy of
three different aerosol insecticides at two different
temperatures (normal room temperature and high
temperature) and 2)measure ability of these different
insecticides, under the two temperature conditions, to
disperse under horizontal obstructions of different
heights. These bioassay dishes were used to evaluate
spatial pattern in deposition, not to fully evaluate the
impact of each aerosol insecticide. Ultimately, we
wished to be able to predict zoneswithin a facility that
may not be obtaining adequate efÞcacy so that mod-
iÞcations to application methods or alternative sup-
plemental treatments could be applied to generate a
more uniform coverage.
Materials and Methods
Research Location. The experiments were con-
ducted at the pilot-scale Hall Ross ßour mill at Kansas
State University in Manhattan, KS. The mill is a con-
crete structure composed of Þve ßoors. Four of the
ßoors were used in this study. The top three ßoors
received aerosol treatments: third ßoor with a volume
of 1,504 m3, fourth ßoor 1,504 m3, and Þfth ßoor 1,674
m3. The Þrst ßoor served as the control ßoor. Separate
aerosol applicationsweremade to each ßoor, and gaps
between the ßoors were sealed to isolate the ßoors
from each other. Each ßoor was considered a separate
replication. The second ßoor was not used and served
as a buffer between the treatment ßoors and the con-
trol ßoor.
Treatments. The aerosol trials were conducted un-
der normal (target 27C) and high temperature (tar-
get 40C) conditions. The normal temperature con-
ditions trial was conducted on 23Ð25 January of 2012,
and the high temperature conditions trial was con-
ducted on 16Ð18 July of 2013. Temperature and rel-
ative humidity were monitored on each ßoor using a
HOBO data logger (Onset Computers, Pocasset, MA)
placed on the ßoor.
Three aerosol insecticides labeled for use in food-
handling facilities against stored-product insects were
evaluated, and each was applied under both normal
and high temperature conditions. All applications
were performed by licensed applicators from Indus-
trial FumigantCompany (Lenexa, KS). Aerotechwith
NyGuard (Chem-Tech, Des Moines, IA), hereafter
termed Aerotech, contains 0.7% active ingredient
[(AI)] pyrethrins, 5.0% piperonyl butoxide (syner-
gist), and 0.2% of the IGR pyriproxyfen. It is formu-
lated in a pressurized gas cylinder with CO2 as a
carrier. Pyrocide 100 (MGK, Minneapolis, MN) and
Diacon II (Wellmark, Schaumburg, IL) were mixed
and applied together using a model 7401 Microjet
Fogger (Fogmaster, DeerÞeld Beach, FL) set at the
maximum ßow rate. Pyrocide 100 contains 1.0% of the
(AI) pyrethrins, 2.0% piperonyl butoxide (synergist),
and3.0%N-Octylbicycloheptenedicarboximide(syn-
ergist). Diacon II contains 33.6% of the (AI) IGR
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(S)-methoprene. This mixture is hereafter termed
Pyrocide. The third aerosol insecticide applied was
Vap20 (Chem-Tech), which contains 18.6% of the
organophosphate (AI) dichlorvos. This formulation is
in a pressurized gas cylinderwithCO2 as a carrier. The
amount of insecticide applied was based on the label
rate, with the speciÞc amounts applied during each
application reported in Table 1. For those treatments
applied based on weight, the actual amount of insec-
ticide applied was close to the target amount in all
treatments.
Application of the aerosols was from a single loca-
tion 3Ð4 m out toward the middle of the room from
the double doors to the elevator lobby (Fig. 1). Ap-
plications using pressurized cylinders were made us-
ing short bursts with the nozzle facing to the right,
straight, and to the left. With the handheld applicator,
applications were made another 1.5 m further into the
room because release velocity is less than the cylin-
derized insecticides and applied at a 45 degree angle
in an arc from right to left. After releasing the required
amount of insecticide, there was an 8-h exposure pe-
riod with the air handling system turned off (i.e.,
relatively still air conditions) before the mill was aer-
ated (aeration times were variable, typically 30 min
for Aerotech and Pyrocide and 4 h for Vap20, and
were based on applicator assessment of safety). Each
aerosol insecticide formulation was applied to each of
the three treatment ßoors sequentially on a given
treatment day (Table 1).
Spatial Distribution of Deposition. Before each
aerosol application, a grid of 75 petri dishes (35 mm in
diameter) containing Þve adult Tribolium confusum
Jacquelin du Val (laboratory strain) and 0.25 g of ßour
was placed on each of the treated ßoors. Adults added
were mixed sex and 4 wk of age. Beetles were added
to the dishes with ßour 48 h before placement in the
mill. The distribution of dishes was similar on each
ßoor of the mill, but differences did occur owing to
variation in the layout of equipment and other struc-
tural features among ßoors. Locations where dishes
were placed were classiÞed as open (not underneath
an obstruction to settling aerosol droplets and not
adjacent to a vertical edge such as a wall or pillar),
adjacent (not underneath an obstruction, but close
[6 cm] to a vertical edge), and covered (underneath
an obstruction).
Dishes were placed out on each ßoor 1Ð2 h before
start of the aerosol application, and the lids were
removed and placed under the dish. Using uncovered
dishes was important because using cages to conÞne
insects can reduce the amount of aerosol to which the
insect is exposed (Hoffmann et al. 2008). Because T.
confusumdoesnotßyandcannotclimboutof theopen
dishes, beetles could be conÞned to the dishes under
both sets of temperatures tested. The dishes were
covered 1Ð2 h after the completion of aeration process
and returned to the laboratory. The control Þrst ßoor
had 25 dishes divided into two groups placed at op-
posite ends of the ßoor. An additional set of 25 control
dishes were held continuously under laboratory con-
ditions and were used to determine effects of trans-
porting and holding the dishes under conditions
within the mill. After 24 h, 1 and 2 wk posttreatment,
the Þve beetles within a dish were classiÞed as active
(walking normally), affected (exhibiting symptoms of
knockdown ranging from completely inactive and
only responding to touch with a probe to walking for
Table 1. Aerosol treatment information and environmental conditions during treatment (mean  SEM of readings taken every 15
min)




Normal 27C target 23 January 2012, 11:30 am Aerotech with NyGuard Fifth 538 mg/m3 23.2  0.0 15.0  0.0
Aerotech with NyGuard Fourth 592 mg/m3 25.7  0.1 15.0  0.0
Aerotech with NyGuard Third 599 mg/m3 27.0  0.1 15.0  0.0
Control First na 24.7  0.1 15.0  0.0
24 January 2012, 10:45 am Pyrocide 100  Diacon II Fifth 0.521 and 0.011 ml/m3 25.1  0.0 15.0  0.0
Pyrocide 100  Diacon II Fourth 0.521 and 0.011 ml/m3 27.7  0.1 15.0  0.0
Pyrocide 100  Diacon II Third 0.521 and 0.011 ml/m3 28.7  0.1 15.0  0.0
Control First na 23.5  0.0 15.0  0.0
24 January 2012, 10:45 pm Vap20 Fifth 398 mg/m3 24.5  0.0 15.0  0.0
Vap20 Fourth 359 mg/m3 26.3  0.0 15.0  0.0
Vap20 Third 354 mg/m3 27.3  0.0 15.0  0.0
Control First na 22.7  0.0 15.0  0.0
High 40C target 16 July 2012, 10:00 am Aerotech with NyGuard Fifth 590 mg/m3 42.8  0.0 28.1  0.3
Aerotech with NyGuard Fourth 593 mg/m3 43.2  0.0 27.8  0.1
Aerotech with NyGuard Third 603 mg/m3 37.5  0.1 32.7  0.4
Control First na 41.2  0.0 30.9  0.2
17 July 2012, 9:00 am Pyrocide 100  Diacon II Fifth 0.521 and 0.011 ml/m3 41.4  0.0 28.6  0.0
Pyrocide 100  Diacon II Fourth 0.521 and 0.011 ml/m3 40.5  0.0 29.9  0.0
Pyrocide 100  Diacon II Third 0.521 and 0.011 ml/m3 36.2  0.0 32.0  0.5
Control First na 40.9  0.0 29.4  0.3
17 July 2012, 10:00 pm Vap20 Fifth 352 mg/m3 41.5  0.0 23.1  0.2
Vap20 Fourth 347 mg/m3 41.2  0.1 22.4  0.4
Vap20 Third 362 mg/m3 36.4  0.0 30.0  0.1
Control First na 41.1  0.0 24.6  0.1
na, not applicable.
a For Pyrocide 100  Diacon II aerosol treatments the Þrst amount is for Pyrocide 100 and second amount is for the Diacon II.
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short bouts in an uncoordinated manner until falling
over), or dead (inactive and failing to respond to
touch with a probe).
To convert the three possible states (active, af-
fected, and dead) for each of the Þve beetles in a dish
into a single value that could be used to assess the
strength of the effect, an efÞcacy index value was
calculated. The index ranged from 1, which was the
weakest responsewith Þve active beetles, to 21, which
was the strongest response with Þve dead beetles. The
other values were determined in following manner. If
one of the Þve active beetles was classiÞed as affected,
this was considered to be the next strongest response
afterÞve activebeetles, andhence it receivedan index
value of 2. After that the condition of having four alive
and one dead was considered to be the next strongest
response and was given an index value of 3. The next
highest index value (4) occurred with three active
beetles and twobeetles classiÞed as affected. The next
highest index value (5) would be three active, one
affected, and one dead and after that next highest
index value (6) would be three active and two dead.
All the index values generated following this sequen-
tial pattern are listed here, with the corresponding
combinations of active, affected, and dead, respec-
tively, indicated in brackets: 1 (5,0,0), 2 (4,1,0), 3
Fig. 1. Contour maps of the efÞcacy index valuesÑrange from lowest efÞcacy value of 1 up to highest efÞcacy value of
21Ñfor dishes (n  75 per ßoor) containing Þve T. confusum exposed to Aerotech aerosol applications at both (A) normal
(27C) and (B) high (40C) target temperatures at 24-h and 2-wk postexposure (1 wk data not shown) on each of the ßoors
of a pilot scale ßour mill. Gray shapes represent size and location of structural features such as milling equipment and storage
bins and the black squares represent structural pillars. The X in the upper row of maps indicates the release location for the
aerosol.
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(4,0,1), 4 (3,2,0), 5 (3,1,1), 6 (3,0,2), 7 (2,3,0), 8 (2,2,1),
9 (2,1,2), 10 (2,0,3), 11 (1,4,0), 12 (1,3,1), 13 (1,2,2), 14
(1,1,3), 15 (1,0,4), 16 (0,5,0), 17 (0,4,1), 18 (0,3,2), 19
(0,2,3), 20 (0,1,4), 21 (0,0,5).
To visualize the spatial pattern of aerosol deposition
oneachßoor, contourmaps of the index values at each
dish location were developed based on Kriging using
Surfer software (Golden Software, Golden, CO). Sep-
arate maps were made for each ßoor, each treatment,
and each time posttreatment. The area of each con-
tour map with high efÞcacy and low efÞcacy was also
calculated. Areas of high efÞcacy were deÞned as
those with all Þve beetles exhibiting a response to the
treatment, either affected or dead, and this corre-
sponded to the area of the map with an efÞcacy index
value 16. Areas with low efÞcacy were those where
all Þve beetles were without visible treatment effects,
1 efÞcacy index. These areas were calculated by
creating separate contour maps that only mapped ar-
eas above or below these thresholds and using Image
J software (Schneider et al. 2012), to trace the com-
bined areas in each map and calculate the percentage
of the total area on each ßoor that was represented by
each level of efÞcacy. Differences in area between
temperatures and between the two pyrethrin treat-
ments were compared using t-tests (SigmaPlot v. 12,
Systat Software, San Jose, CA).
To further evaluate the levels of efÞcacy, the index
values for the different insecticide formulation and
temperature combinations, using individual bioassay
dish locations from all three ßoors as replicates, were
compared at each time postexposure using the Wil-
coxon Signed Rank Test (SigmaPlot), as distributions
werenot normal. In addition, themean index value for
three types of dish locationsÑopen, adjacent, and
coveredÑwas calculated and compared using analysis
of variation (ANOVA) and the RyanÐEinotÐGabrielÐ
Welsch multiple range test (SAS/STAT software v.
9.2, SAS Institute, Cary, NC) at each time posttreat-
ment. Data in text and tables are presented as mean 
SEM, and all statistical comparisons were made at  
0.05 level.
Impact of Obstruction Gap Height on Aerosol De-
position. Boxes of different heights were used to de-
terminehoweffectively theaerosol droplets dispersed
under obstructions. Boxes were 1 m in length, 20 cm
in width, and either 5, 10, or 20 cm in height and were
open on only one end. The boxes were constructed
from 1.6-cm-thick plywood and covered in plastic
sheeting. Five petri dishes containing Þve adult T.
confusum and 0.25 gm of ßour, created as described
above, were placed on the ßoor at different distances
under the box. Rows of Þve dishes were placed 8 cm
in front of the open end of the box, and at 8, 36, 64, and
91 cm under the box. The dishes were placed 1 cm
from the sides of the box, and 0.1 cmapart fromeach
other. One box of each height was placed on each of
the three treatment ßoors and on the control ßoor.
Boxes were 12 m from the point of aerosol release
and the open end of the box was facing away from the
point of release. Dishes were collected and insect
response assessed as described above. Data were an-
alyzed using ANOVA and the RyanÐEinotÐGabrielÐ
Welsch multiple range test (SAS/STAT software) at
the   0.05 level.
Results
Good separation between the normal and high tem-
perature treatments was obtained within the mill, but
it was difÞcult to obtain consistent temperatures
across the different ßoors or within a ßoor over time
owing to structural differences between ßoors and
also because the heating system was turned off during
the trials (Table 1). During the normal temperature
treatment (27C target), the average temperatures
ranged between 4.3C below and 1.7C above the
target. Thebottom(Þrst) and top (Þfth) ßoors tended
to be cooler, probably because of the cold outside
conditions: outside daily average temperature was
1.9  0.5C, minimum and maximum temperatures
were 6.1C and 11.1C, respectively. Relative hu-
midity (RH) was very low inside during the normal
temperature trial, with an average of 15% RH that was
the lower limit of the data loggers. During the high
temperature treatment (40C target), average tem-
peratures during a treatment ranged from 3.8Cbelow
to 3.2C above the target. Floors were more consistent
in temperature than at the normal temperature trials,
although the third ßoor tended to be a little cooler
than the others. Outside temperature during the ex-
periment was 30.2  1.0C, and ranged from 22.2 to
40.6C. Relative humidity inside the mill ranged from
23 to 33%.
Spatial Distribution of Aerosol Deposition Maps.
The three aerosol formulations and application meth-
ods had different patterns of deposition. All T. confu-
sum exposed toVap 20were dead 1wk after treatment
regardless of exposurepositionor temperature; hence,
contour mapping and analysis of spatial pattern were
not performed. For the other two aerosols, there were
differences in the spatial pattern of the efÞcacy and
differences between insecticides, over time postexpo-
sure, and between temperatures could be evaluated.
ForAerotechapplications, therewereareasoneach
ßoorwith both low andhigh efÞcacy index values, and
the general pattern was similar among the ßoors (Fig.
1).Areas of lower efÞcacy tended to occur in the short
armportion of theL-shaped room(farthest away from
point of release), but also along thewalls, especially in
corners and along the wall behind where the appli-
cator stood. Areas of higher efÞcacy tended to be in
open areas in the center of the room. The increase in
area with low and high efÞcacy from 24 h to 2 wk
postexposure reßects change in T. confusum adult re-
sponse over time after treatment, with individuals
initially affected either recovering or having died. For
the contour maps generated using efÞcacy index val-
ues at 24 h, 1 wk, and 2 wk posttreatment, the per-
centage of each map with high and low efÞcacy was
similar among the ßoors (Table 2). There was no
obvious pattern in the contour maps indicating that
physical features suchaspillars orpieces of equipment
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in the interior of the room were impacting aerosol
efÞcacy.
Comparing the normal and the high temperature
treatments, the elevated temperature tended to in-
crease the efÞcacy at 24-h postexposure, but by 2-wk
postexposure, the efÞcacy under the two temperature
treatments was similar. At the normal temperature,
the area of high efÞcacy tended to increase over time
and at the high temperature the area of low efÞcacy
tended to increase over time. The percent area with
high efÞcacy 24 h after treatment was signiÞcantly
different between temperatures (t  15.13; df  4;
P  0.001), averaging 45% at normal temperature and
95% at high temperature. However, 2 wk after treat-
ment, the area of high efÞcacy was 68 and 72% at the
normal andhigh temperatures, respectively, and these
areas were not different from each other (t  0.69;
df  4; P  0.264; Table 2). There also appeared to be
more variation in efÞcacy among the ßoors at the high
temperature compared with the normal temperature
treatment: percentage of 2-wk postexposure efÞcacy
contour maps with high efÞcacy varied by up to 14
percentage points among ßoors compared with the
normal temperature treatment that varied by only Þve
percentage points (Table 2).
For the Pyrocide aerosol, efÞcacy was more in-
termediate and uniform within a ßoor and varied
less between ßoors (Fig. 2). There were no areas
with low efÞcacy on all ßoors at both temperatures,
but the areas of high efÞcacy appeared less exten-
sive than with the Aerotech aerosol. Where zones of
reduced efÞcacy occurred, they tended to be along
Table 2. Percentage of efficacy index contour map for Aerotech (Aerotech with NyGuard) and Pyrocide (Pyrocide 100  Diacon
II) at each temperature and floor treatment combination with high efficacy (treatment effects on all five beetles—either immobilized or
dead) or low efficacy (all five beetles without visible effects of treatment)







Aerotech Normal (27C target) Third 24 h 40.6 4.2
1 wk 48.7 1.2
2 wk 69.1 1.0
Fourth 24 h 50.7 0.0
1 wk 42.6 1.6
2 wk 70.8 0.1
Fifth 24 h 42.9 0.0
1 wk 41.0 0.4
2 wk 65.5 0.0
Mean  SEM 24 h 44.7  3.1 1.4  1.4
1 wk 44.1  2.3 1.1  0.3
2 wk 68.5  1.6 0.4  0.3
Aerotech High (40C target) Third 24 h 94.2 0.0
1 wk 66.1 4.5
2 wk 65.2 1.9
Fourth 24 h 93.3 0.0
1 wk 78.6 0.0
2 wk 79.4 0.7
Fifth 24 h 97.6 0.0
1 wk 71.5 3.3
2 wk 70.0 2.9
Mean  SEM 24 h 95.0  1.3 0.0  0.0
1 wk 72.1  3.6 2.6  1.3
2 wk 71.5  4.2 1.8  0.6
Pyrocide Normal (27C target) Third 24 h 71.4 0.0
1 wk 83.6 0.0
2 wk 97.6 0.0
Fourth 24 h 37.9 0.0
1 wk 99.4 0.0
2 wk 100.0 0.0
Fifth 24 h 42.3 0.0
1 wk 55.7 0.0
2 wk 96.2 0.0
Mean  SEM 24 h 71.4  10.5 0.0  0.0
1 wk 79.6  12.8 0.0  0.0
2 wk 97.9  1.1 0.0  0.0
Pyrocide High (40C target) Third 24 h 98.8 0.0
1 wk 72.8 0.0
2 wk 63.1 0.0
Fourth 24 h 91.6 0.0
1 wk 94.9 0.0
2 wk 85.8 0.0
Fifth 24 h 100.0 0.0
1 wk 86.4 0.0
2 wk 79.0 0.0
Mean  SEM 24 h 96.8  2.6 0.0  0.0
1 wk 84.7  6.4 0.0  0.0
2 wk 76.0  6.7 0.0  0.0
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walls, in corners, and in the short arm of the L-
shaped room, but in contrast to the Aerotech aero-
sol, these areas tended to be more apparent at the
high temperature compared with the normal tem-
perature treatment. After 2 wk, the percentage area
with high efÞcacy was greater at the normal tem-
perature (98%) than at the high temperature (76%;
t  3.22; df  4; P  0.032; Table 2). This difference
with temperature did not change over time and was
also signiÞcant at 24 h (t  46.27; df  4; P  0.013;
Table 2), which also contrasted with results from
the Aerotech aerosol.
Frequency Distribution of Efficacy Index Values.
The frequencydistribution of efÞcacy index values for
all the dish locations across all three ßoors was dif-
ferent among the aerosol treatments, and initial efÞ-
cacy increased with higher temperature during treat-
ment (Fig. 3). For the Aerotech aerosol at normal
temperature, immediately after treatment, most loca-
tions had an index value of 16 (all Þve beetles being
affected), with remaining locations tending to have
lower efÞcacy. EfÞcacy at a location typically in-
creased over time postexposure and after 2 wk most
locations had an efÞcacy index of 16, indicating that
Fig. 2. Contour maps of the efÞcacy index valuesÑrange from lowest efÞcacy value of 1 up to highest efÞcacy value of
21Ñfor dishes (n  75 per ßoor) containing Þve T. confusum exposed to Pyrocide aerosol applications at both (A) normal
(27C) and (B) high (40C) target temperatures at 24-h and 2-wk postexposure (1 wk data not shown) on each of the ßoors
of a pilot scale ßour mill. Gray shapes represent size and location of structural features such as milling equipment and storage
bins and the black squares represent structural pillars. The X in the upper row of maps indicates the release location for the
aerosol.
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most of the affected adults eventually died rather than
recovered. In contrast, at the high temperature treat-
ment, efÞcacy 24 h after treatment was more variable,
with most locations having index values between 15
and 21. At 2-wk postexposure, most locations had the
maximumefÞcacy index of 21, but therewas increased
variation in efÞcacy, with index values ranging from 1
to 21. The lower index values indicate some recovery
by affected individuals. At 24-h postexposure, the high
temperature treatment had signiÞcantly greater efÞ-
cacy (Wilcoxon Signed Rank Test, Z  12.1; P 
0.001), but by 2-wk postexposure, the two tempera-
ture treatments were not different from each other
(Z  1.7; P  0.097; Fig. 3).
As with the Aerotech aerosol, Pyrocide at the nor-
mal temperature had the same level of efÞcacy atmost
locations (index value of 16, all individuals affected),
although fewer locations had low efÞcacy (Fig. 3).
After 2 wk, there was also a shift in efÞcacy, with more
locations having a greater efÞcacy index, indicating
that affected individuals failed to recover. The Pyro-
cide efÞcacy index was greater than the Aerotech
efÞcacy index after both 24 h (Wilcoxon Signed Rank
Test,Z  5.6; P  0.001) and 2wk (Z  6.5; P  0.001).
At the high temperature, there was more variation in
efÞcacy index values 24-h postexposure than at the
normal temperature, although most locations had val-
ues ranging between 16 and 21. After 2 wk, there was
some recovery of affected individuals in many loca-
tions, and index values ranged between 1 and 21. At
24-h postexposure, the average efÞcacy index was
greater at the high temperature than at the normal
temperature (Z  10.1; P  0.001), but by 2-wk
postexposure, this had switched, and efÞcacy was
greater at the normal temperature treatment than the
high temperature treatment (Z  5.8; P  0.001). This
switch is owing to the increased recovery by affected
adults after the high temperature treatment. At the
high temperature, Aerotech had greater efÞcacy than
Pyrocide at 24 h (Z  5.7; P  0.001), but the two
treatmentswerenotdifferent fromeachotherby2-wk
postexposure (Z  0.8; P  0.416).
For the Vap20 treatment at both the normal and
high temperature, therewas somevariation in efÞcacy
index immediately after treatment, but only ranging
between 13 (1 alive, 2 affected, and 2 dead) and 21 (all
dead), and by 2 wk all locations had the maximum
efÞcacy index of 21 (Fig. 3). At 24-h postexposure,
efÞcacy was signiÞcantly greater at the higher tem-
perature than the normal temperature (Z  5.2; P 
0.001). At 2-wk postexposure, the two temperatures
were not different from each other, as all the locations
Fig. 3. Frequency distribution of the efÞcacy index valuesÑrange from lowest efÞcacy value of 1 up to highest efÞcacy
valueof 21Ñamongall thedish locations combined fromthe threeßoors of themill (n225) for the three aerosols (Aerotech,
Pyrocide, and Vap20) at both the normal and high temperatures. Gray bars indicate efÞcacy data at 24-h postexposure and
theblackbars efÞcacy after 2wks (1wkdatanot shown).Within eachgraph themeanSEMis presented for each insecticide
and temperature and time postexposure combination. Means followed by the same lower case letter are not different among
insecticides within a temperature and time postexposure and means followed by the same upper case letters are not different
between normal and high temperature within an insecticide and time postexposure (Wilcoxon Signed Rank Test).
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at both temperatures had the same value. At both the
normal and high temperatures, Vap20 had a higher
efÞcacy index than Aerotech at 24-h (Z  12.8; P 
0.001 and Z  5.9; P  0.001, respectively) and 2-wk
(Z  10.3; P  0.001 and Z  7.8; P  0.001, respec-
tively)postexposure. Furthermore, at both thenormal
and high temperatures, Vap20 had a higher efÞcacy
index than Pyrocide at 24-h (Z  12.2; P  0.001 and
Z  10.7; P  0.001, respectively) and 2-wk (Z  10.4;
P  0.001 and Z  10.4; P  0.001, respectively)
postexposure.
Bioassay Dish Position. The positions where bioas-
say dishes were placed, characterized as either cov-
ered, adjacent to a vertical surface, or in the open, had
some inßuence on efÞcacy, which varied with insec-
ticide and temperature (Fig. 4). The efÞcacy of Aero-
techwasmost impactedby thepositionof thebioassay
dish, with signiÞcant differences for all times postex-
posure at the high temperature, but only at 1-wk post-
exposure at the normal temperature. Generally, the
dishes inopenpositionshad thehighest efÞcacy index,
with covered and adjacent positions having lower ef-
Þcacy, which was not signiÞcantly different from each
other. Pyrocide only had signiÞcant differences
among positions at 24-h postexposure at the normal
temperature and at 2-wk postexposure at the high
temperature. As with the Aerotech aerosol, the open
dishes had higher efÞcacy index values than the other
two positions. The position effects seem to be greatest
at the high temperature, with signiÞcantly greater
efÞcacy after 2wk in the openposition comparedwith
covered or adjacent for both insecticides, while po-
sition was not signiÞcant after 2 wk at the normal
temperature. There was no signiÞcant position effect
on Vap20 efÞcacy at either temperature.
Dispersion Under Horizontal Barriers. Use of the
boxes of three different heights revealed differences
in the ability of the different insecticides to disperse
under horizontal barriers (Fig. 5). Generally, the re-
sults show that the shorter the gap height of the box
the shorter the distance under the box that high ef-
Þcacy could be maintained. There was also limited
impact of temperature on this process, exceptwith the
Aerotech aerosol. As in the other analyses of distri-
bution, Vap20 had high efÞcacy at all positions under
thebox, except for the5-cmboxwhere therewas some
survival at the furthest distances under the box though
the trend was not signiÞcant.
With the 5-cm-tall box (Fig. 5), at the normal tem-
perature, Aerotech aerosol had a signiÞcant decline in
efÞcacy with distance under the box (ANOVA: F 
41.0; df  4,10; P  0.001). EfÞcacy was reduced by
	50% just 8 cm inside the box and efÞcacy index
values of 1 (all beetles active) at nearly all positions
further under the box. At the high temperature, there
was better dispersal under the box and no signiÞcant
difference in efÞcacy index among positions
(ANOVA:F2.7; df4,10;P0.0913).ThePyrocide
aerosol was less affected by temperature, and at both
temperatures, there was a signiÞcant decrease in ef-
Þcacy with distance under the box (normal temper-
ature: F  35.4; df  4,10; P  0.001, and high tem-
perature: F  64.7; df  4,10; P  0.001). As with the
Aerotech aerosol at normal temperature, efÞcacy de-
clined from the open position to the position that was
8 cm inside the box, and the efÞcacy index was usually
1 at all distances further under the box. There was no
position effect with Vap20 aerosol at the normal
(ANOVA: F  1.6; df  4,10; P  0.253) or the high
temperature (ANOVA: F  3.0; df  4,10; P  0.074).
However, there was some variation in efÞcacy at the
two deepest positions, suggesting that an impact on
efÞcacy was starting to occur.
With the 10-cm-tall box at the normal temperature
(Fig. 5), theAerotech aerosol had a signiÞcant decline
in efÞcacy as the distance from the opening increased
(ANOVA: F  492.4; df  4,10; P  0.001). Unlikewith
the 5-cm box, there was no difference in efÞcacy
between the openposition and theÞrst position under
the box, indicating better dispersal at this box height.
However, the deeper positions under the box were
similar to those at the 5-cm-height box, with most
dishes having an index value of 1 (i.e., no detectable
impact). At the high temperature, there was no sig-
niÞcant decrease in efÞcacy index owing to a higher
mean efÞcacy value and increased variation at the
deeper positions within the box (ANOVA: F  2.5;
df  4,10; P  0.114). Thus at both temperatures, with
a 10-cm gap, high efÞcacy could be obtained only up
to the 8 cm distance underneath. For the Pyrocide
aerosol, there was a signiÞcant decrease in efÞcacy
with distance under the box at the normal (ANOVA:
F  42.5; df  4,10; P  0.001) and high temperature
(ANOVA: F  57.2; df  4,10; P  0.001). As with the
5-cm box size, there was little apparent effect of tem-
perature on dispersal under the box. High efÞcacy
could bemaintained up to 36 cmunder the box,which
was further than observed with the Aerotech aerosol.
For the Vap20 aerosol, all positions under the box had
themaximumefÞcacy values, so no detectable decline
in efÞcacy occurred at this gap size.
With the 20-cm-tall box (Fig. 5), at the normal
temperature, therewas a signiÞcantdecline inefÞcacy
of the Aerotech aerosol with distance under the box
(ANOVA: F  357.5; df  4,10; P  0.001). Upuntil the
36-cm-deep position, there was high efÞcacy, but
deeper under the box, there was no detectable impact
of the aerosol. However, at the high temperature, as
with the other box heights, there was no signiÞcant
decrease in efÞcacy index owing to distance under the
box (ANOVA: F  2.2; df  4,10; P  0.145). For the
Pyrocide aerosol, there was a signiÞcant decrease in
efÞcacy with distance under the box at the normal
(ANOVA: F  16.6; df  4,10; P  0.001) and high
temperature (ANOVA: F  15.8; df  4,10; P  0.001).
Generally, with distance under the box the decrease
at thenormal temperaturewas less thanobservedwith
Aerotech aerosol. Furthermore, the average index
value at the deeper positions under the box appeared
greater at the high temperature compared with the
normal temperature. For the Vap20 aerosol, the max-
imum efÞcacy values were obtained at all positions at
both temperatures.
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Fig. 4. Mean  SEM efÞcacy index valueÑrange from lowest efÞcacy value of 1 up to highest efÞcacy value of 21Ñfor
dishes containingÞveT. confusum in covered locations, locations adjacent to vertical surfaces, andopen locations for the three
aerosol insecticides (Aerotech, Pyrocide, and Vap20) at both normal and high temperatures. EfÞcacy was evaluated at 24 h,
1 wk, and 2 wk postexposure and bars within a time postexposure with the same letter have means that are not signiÞcantly
different among locations within an insecticide (ANOVA and the RyanÐEinotÐGabrielÐWelsch multiple range test).
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Discussion
These experiments revealed some interesting and
unexpected patterns in aerosol deposition that illus-
trate how variation in formulation, application
method, physical landscape, and temperature can in-
teract to create spatial pattern in efÞcacy within a
facility. It is important to note that the experimental
protocol used was designed to detect variation in de-
position and not to measure the full impact of these
different insecticides on pest populations, as it only
evaluates impact on adults directly exposed to aerosol,
does not allow insects to avoid treatment, anddoesnot
measure the impact of the IGR portion of two of the
formulations, which could provide additional efÞcacy.
Furthermore, the applicator was constrained to ap-
plying the aerosols from a single point to facilitate
comparisons. Although single-position applications
are not unusual for roomsof the size used in this study,
Fig. 5. Mean  SEM efÞcacy index valueÑrange from lowest efÞcacy value of 1 up to highest efÞcacy value of 21Ñfor
dishes containing Þve T. confusum placed under boxes 1 m in depth, 20 cm in width, and 5, 10, or 20 cm in height. Rows of
Þve dishes were placed 8 cm in front of box opening, and 8, 36, 64, and 91 cm under the box, with the light gray boxes in
the graphs illustrating thedifferent boxheights aswell as thepositionof thedishes under theboxes. Separate graphs are shown
for three aerosol insecticides (Aerotech, Pyrocide, and Vap20) applied at both normal and high temperatures. Only efÞcacy
index values 2-wk postexposure are shown, and bars within a graph with the same letter have means that are not signiÞcantly
different from each other (ANOVA and RyanÐEinotÐGabrielÐWelsch multiple range test). Graphs with no letter above bars
were not signiÞcantly different based on ANOVA test.
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coverage could have been improved by applicator
moving more during the application. However, our
results do show the utility of this approach for deter-
mining aerosol deposition pattern and identifying po-
tential factors impacting dispersion and deposition.
Understanding spatial pattern of deposition is crit-
ical for assessing efÞcacy of aerosol applications, and
all insecticide formulations exhibited, to a greater or
lesser extent, spatial variation in efÞcacy. Aerosol
droplet dispersion anddeposition is a complex process
that is inßuenced by many factors including particle
size distribution, release velocity and direction, phys-
ical landscape, and air speed and turbulence (World
Health Organization 2003). The Aerotech and Pyro-
cide aerosols exhibited the greatest spatial variation in
efÞcacy and differed from each other in level of vari-
ation and response to temperature. There are a variety
of factors that differ between these aerosols thatmight
contribute to these differences: different formula-
tions, application methods, concentrations of (AI),
and droplet size distribution and release velocity.
Greater variation in efÞcacy could result from less
(AI) being applied with Aerotech than with Pyrocide.
As illustrated with the Vap20 treatment, if overall
efÞcacy is high the bioassay will not detect spatial
variation in deposition. It could be that the Aerotech
wasproducingefÞcacy in the range that couldbemore
easily detected with the bioassay and as a result more
visible in the contour maps. However, that some areas
had higher efÞcacy with Aerotech than with Pyrocide
suggests that this is not the primary factor generating
variation in efÞcacy.
The Aerotech and Pyrocide application methods
could produce differences in the distribution of drop-
let sizes, number of droplets, and the release velocity.
These parameters have been shown to inßuence aero-
sol dispersion and deposition in other systems, but
speciÞc information is not available for the insecti-
cides used in this study. During application the drop-
lets are propelled into the room, and as terminal ve-
locity is reached owing to friction in the air they settle
out of the air. Larger droplets tend to travel further,
but methods to produce larger droplets tend to pro-
duce a slower release velocity. Small droplets tend not
to travel as far because their terminal velocity is lower
than larger droplets, but application equipment tends
to release them at a higher initial velocity. Smaller
droplets will tend to settle more slowly than larger
droplets. For example, to fall 10 m droplets 5 m in
diameter take 3.7 h, 10-m droplets take 56 min, and
20-m droplets take only 14 min (World Health Or-
ganization 2003). In outside applications against mos-
quitos, the distribution of droplets sizes changes as a
function of distance from point of application, with
larger droplets dispersing further downwind (Rath-
burn and Dukes 1989, Brown et al. 1993, Curtis and
Beidler 1996).
Much of the research on aerosol applications is
based on use as a space spray for ßying or roosting
insects on exposed surfaces, where treatment efÞcacy
is increased by droplets remaining in the air for longer
periods of time and direct impingement on insects
needs to be considered. Droplet size impacts efÞcacy
directly, as impingement on an insect is a function of
droplet size (Himel 1969, Lofgren et al. 1973). The
optimal droplet size for efÞcacy against mosquitoes
was determined to be between 8 and 15 m (Mount
et al. 1970b, Haile et al. 1982), but there is little pub-
lished information on impact of droplet size, concen-
tration, and exposure time on stored-product insects.
During food facility aerosol treatments, only a small
portion of the insects present are likely to be directly
exposed during the brief period of time the aerosol
droplets are in the air. Thus, another component of
efÞcacy that needs to be evaluated is how droplets
settle onto surfaces and the spatial patterns in efÞcacy
that result from insect encounters with these surfaces
posttreatment. It is therefore important to take a fresh
look at the relationship between droplet size and ef-
Þcacy in relation to food facility applications, as the
goal is not only to provide efÞcacy against insects out
and active, but to also provide good coverage of the
surfaces to maximize efÞcacy post treatment as well.
Another factor to consider is the interaction between
settling droplets and food residues and othermaterials
on surfaces that can absorb the insecticide or impede
the direct exposure of insects. Our bioassay approach
is focused primarily on measuring variation in the
direct efÞcacy of exposed insects, although there may
have also been some residual activity on the treated
ßour and dish.
TheAerotech formulation isdescribedasproducing
smaller droplet sizes than standard aerosol applicators
for a broader distribution of droplets. For one treat-
ment with this insecticide, as part of a pilot test, drop-
lets were measured at one location on the fourth ßoor
using an Aerodynamic Particle Size system (APS; TSI
Inc., Shoreview, MN). After initial aerosol release,
there was a peak in Aerotech formulation concentra-
tion of over 1,000 mg/m3 with droplet sizes centered
around 20 m (the maximum droplet size measure-
able with the APS system). In the period 4Ð10 min
after application, droplets were primarily in the 10Ð12
m range (100Ð200 mg/m3), and after 30 min the
concentration was 10Ð60 mg/m3 and the droplet sizes
were in the 3Ð4 m range. These measurements were
taken in the center of the room near the application
point, and this pattern will likely be different in other
locations within the room. Results do suggest that the
droplets that are likely the most efÞcacious particle
size had settled out relatively quickly and that the
potential for shorter exposure periods being equally
effective should be evaluated. For the Pyrocide ap-
plications, the Fogmaster model 7401 Microjet Fogger
was used at the maximum ßow rate. According to the
label, the predicted droplet size should have been
around 30 m at this ßow rate, although in general
oil-based carriers tend to produce smaller droplets
than water-based carriers (Hoffmann et al. 2007), so
the droplet sizes were perhaps smaller than this esti-
mate. This range of particle sizes is still presumably
larger than those produced during the Aerotech ap-
plication. Release velocity of these larger Pyrocide
droplets is also presumably lower than that of the
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droplets coming from the Aerotech compressed gas
cylinder. These differences between the two aerosols
might have contributed to differences in spatial pat-
tern of efÞcacyÑsmall droplets not traveling as far
after release, even though released at faster initial
velocity. Further evaluation of droplet concentration
and size at different locations and times after release
is needed to address this question.
Vap20 was also applied using a compressed CO2 gas
application system like the Aerotech aerosol, which
suggests that the droplet sizes should be similarly
small. However, Vap20 is very different from the Þrst
two insecticides, as the active ingredient, the organo-
phosphate dichlorvos, has a high vapor pressure and
readily volatilizes at normal room temperatures. Di-
chlorvos vapor is highly toxic to insects and has been
demonstrated tobe aneffective space treatmentwhen
applied as a vapor (Mattson et al. 1955, Gillenwater et
al. 1971, Harein et al. 1971). Because this insecticide is
toxic in the vapor phase, it is difÞcult to relate spatial
pattern in efÞcacy with distribution of droplets and
droplet size.
Some locations, such as in the farthest corner in the
L-shaped room, were anticipated to have reduced
efÞcacy owing to distance from release point. Jenson
et al. (2010b) has previously shown that pyrethrins
and IGR aerosol application efÞcacy against Plodia
interpunctella (Hübner) (Lepidoptera: Pyralidae)
eggs decreased (i.e., increased survival to adulthood
from egg stage) with distance from a ceiling-mounted
aerosol dispenser. Features within the interior of the
room such as equipment and structural pillars, which
we anticipated might impact aerosol deposition, did
not in most cases have lower efÞcacy, and coverage in
the interior of the room was relatively consistent.
Other areas with lower efÞcacy were not initially pre-
dicted.Walls, especially in theoppositedirection from
which the aerosol spray was released, and the corners
along the outer perimeter of the room were areas that
tended to have lower efÞcacy. These Þndings suggest
thatunder still air conditions, therecanbe limiteddrift
of particles back behind the direction of aerosol re-
lease. The combination of smaller droplets and higher
initial release velocity with Aerotech application
might explain why this wall and corner effect was
stronger with this application. That these areas of
lower efÞcacy tended to be associated with walls and
corners, suggests that there may be either increased
impingement on the walls resulting in fewer aerosol
droplets settling to the ßoor or that dispersal of drop-
lets into these areas is impeded, but further research
is needed in this area. It is possible that increasing the
movement of air using fans during the aerosol treat-
ment might help improve the dispersal into these
areas, although this tactic might also create new areas
with low efÞcacy. Because stored-product insects of-
ten roost on walls and walk following walls (Campbell
andHagstrum2002), improving efÞcacy in these areas
could be critical for increasing overall efÞcacy.
Obstructions cangreatly limit theefÞcacyof aerosol
insecticides by preventing droplet and changing drop-
let size distributions. In outside environments, factors
such as tree canopy and buildings have been shown to
reduceaerosolpenetration(Mountet al. 1970a;Taylor
et al. 1975; Perich et al. 1992, 2000). However, infor-
mation on how speciÞc physical features inside build-
ings impact aerosol insecticidedispersal is limited.Our
experiment evaluating aerosol dispersal under differ-
ent height boxes clearly demonstrates the impact that
horizontal obstructions can have on aerosol deposi-
tion. Use of the boxes rather than just placing the
dishes in different obstructed areas within the mill
provides a standardized approach that better enables
predictions to be made about where inadequate dos-
ages might be deposited. Not surprisingly the smaller
the gap the less dispersal under the horizontal barrier
occurred. Gaps of the smallest height tested corre-
spond to gaps that might be found under pallets, while
the taller gaps correspond to those that can be found
under some milling equipment. Using the information
provided by our study, the gap height and depth of a
speciÞc feature within a facility could be measured
and the distance high efÞcacy is predicted to be main-
tained determined. This information could then be
used to guide where supplemental treatments might
be needed: for example, directing aerosol spray into
these speciÞc areas, placement of fans to direct air
containing droplets into the obstructed areas, supple-
mental applications of residual insecticides, sanitation
activities.
When evaluating the spatial pattern in efÞcacy
within the mill, equipment and structural features
present inside appeared to have only a limited impact
in the spatial patternof efÞcacy.This is consistentwith
the Þnding of Jenson et al. (2010b) that found no
difference in P. interpunctella development from egg
to adulthood after exposure to pyrethrins and IGR
aerosol application in either unobstructed or con-
cealed locations. One reason for the lack of a clear
impactofphysical features inour studymayhavebeen
that this is a newer mill with modern equipment that
ismountedhigher off the ground to facilitate cleaning,
which resulted in few areas with small gap heights.
Dishes were also not placed far under these pieces of
equipment. Based on the box data, there may have
been adequate drift under these types of horizontal
obstacles to result in obstructed, adjacent, and open
locations not differing in efÞcacy or if differences did
occur, why they were not large. Where differences
occurred, the locations that were covered and adja-
cent to vertical surfaces had similar efÞcacy levels.
This suggests that vertical surface affects on aerosol
dispersal may have been more of a factor than the
horizontal coverage reducing dispersal. In older mills
with equipment mounted closer to the ground, in
rooms with a greater density of equipment, and in
warehouses with pallets and low shelving, the effects
of obstructions are likely to be even greater, poten-
tially creating larger zones of lower efÞcacy.
Temperature has been demonstrated to impact the
efÞcacy of pyrethrins, with greater efÞcacy at cooler
temperatures (Blum and Kearns 1956). However,
Kharel (2013) did not Þnd a signiÞcant impact on the
efÞcacy of a synergized pyrethrins aerosol at temper-
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atures between 22 and 32C. In our study, there were
greater efÞcacy index values 24-h postexposure at
40C target temperature than at the 27C target tem-
perature. However, after 2 wk the Aerotech aerosol
average efÞcacy index was similar between the two
temperatures and for the Pyrocide aerosol efÞcacy
was greater at the normal temperature than the high
temperature after 2wk.The insectswereonly exposed
to different temperatures during exposure to the aero-
sol and aeration, and afterward all were held at the
same 27C. So any impact of temperature directly on
efÞcacy probably occurred only during the initial re-
sponse to aerosol exposure.
Temperature may have also impacted the distribu-
tion anddepositionof aerosol droplets, as temperature
differentials can create convection currents that can
transport smaller droplets away from surfaces. Al-
though the airßow patterns within the mill during the
two temperature treatments are unknown, it is possi-
ble that differences in air ßow patterns could have
occurred between the two temperatures. For exam-
ple, the walls may have been warmer than the air
inside the room once the heating system was turned
off, and this could cause the cooler air coming into
contact with the wall to rise. Rising air along walls
could reduce aerosol deposition on ßoors adjacent to
walls, which could contribute to the reduced efÞcacy
observed in these locations. Smaller droplets are more
likely to be impacted by this air movement, which
might contribute to differences in spatial pattern of
efÞcacy between the two pyrethrins evaluated. For
example, with a 3 mph wind 5-m droplets can travel
a lateral distance of 4,828 m when falling 3 m, while
20-mdroplets travel only 335m (Potts 1946, Akesson
and Yates 1964). Given that this study reveals some
interesting temperatureeffects onaerosol efÞcacydis-
tribution, further research on temperature and air
ßow patterns inside structures during treatment and
how temperature might be manipulated to increase
efÞcacy are warranted.
The efÞcacy index developed helped to reduce the
complexity of analyzing several different response
variables generated by exposure to pyrethrin and py-
rethroid insecticides. This type of bioassay approach
has considerable potential for the evaluation of aero-
sol efÞcacy in locations where insects can be intro-
duced; a similar approach using dishes into which
insects are added after exposure could also be used.
However, the relationship between this efÞcacy index
and droplet deposition remains to be determined. The
use of dye cards to measure droplet deposition is not
accurate with the small sized droplets produced dur-
ing aerosol application. The use of equipment such as
the APS unit described above offers the potential to
accurately determine droplet size and concentration,
but cannot practically be used in more than a limited
number of locations during a treatment. The meth-
odology and results presented here provide new and
novel information regarding spatial patterns of efÞ-
cacy in aerosol applications within food facilities and
opensupnewareasof research thatmight improve the
effectiveness of aerosol insecticides in management
programs for the food industry.
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Bolaños (eds.), Green trends in insect control, RSC Pub-
lishing, Cambridge, United Kingdom.
Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012.
NIH Image to ImageJ: 25 years of image analysis. Nat.
Methods 9: 671Ð675.
Strong, R. G., and D. E. Sbur. 1964. Inßuence of grain mois-
ture and storage temperature on the effectiveness of Þve
insecticides as grain protectants. J. Econ. Entomol. 57:
44Ð47.
Subramanyam, B. H., D. R. Boina, and F. H. Arthur. 2014.
Exposure location and bioassay method on efÞcacy of
dichlorvos applied as an aerosol against Tribolium confu-
sum adults and Tribolium castaneum pupae in a ßour mill.
J. Stored Prod. Res. (in press)
Sutton, A. E., F. H. Arthur, K. Y. Zhu, J. F. Campbell, and L.
Murray. 2011. Residual efÞcacy of pyrethrin  metho-
prene aerosol against larvae of Tribolium castaneum and
Tribolium confusum (Coleoptera: Tenebrionidae). J.
Stored Prod. Res. 47: 399Ð406.
Taylor, R. T., M. Solis, D. B. Weathers, and J. W. Taylor.
1975. A prospective study of the effects of ultralow vol-
ume (ULV) aerial application of malathion on epidemic
Plasmodium falciparum malaria. II. Entomological and
operational aspects. Am. J. Trop. Med. Hyg. 24: 188Ð192.
Toews, M. E., F. H. Arthur, and J. F. Campbell. 2010. The
presence of ßour affects the efÞcacy of aerosolized in-
secticides used to treat the red ßour beetle, Tribolium
castaneum. J. Insect Sci. 10: 196.
Tucker, A. M., J. F. Campbell, F. H. Arthur, and K. Y. Zhu.
2014. Horizontal transfer of methoprene by Tribolium
castaneum (Herbst) and T. confusum Jacquelin du Val. J.
Stored Prod. Res. (in press)
World Health Organization. 2003. Space spray application
of insecticides for vector and public health pest control.
WHO/CDS/WHOPES/GCDPP/2003.5, Geneva, Swit-
zerland.
Received 25 September 2013; accepted 26 November 2013.
454 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 107, no. 1
